The iron responsive element binding protein (IRE-BP) regulates iron storage and uptake in response to iron. This control results from the interaction of the IRE-BP with the iron responsive element (IRE), a conserved sequence/structure element located near the 5' end of all ferritin mRNAs and in the 3' UTR of transferrin receptor mRNAs. Proteolysis was used to probe for functional elements of the IRE-BP. Partial chymotrypsin digestion generates a simple digestion pattern yielding fragments of 68, 56, 41, and 30 kDa. The 68 and 30 kDa fragments are derived from a single cleavage at Trp623.
INTRODUCTION
Iron homeostasis requires the coordination of iron uptake, utilization and storage. Two proteins important to this process are ferritin and the transferrin receptor (TfR), which function in iron storage and uptake, respectively (1) . Synthesis of both ferritin and TfR is regulated in coordination with iron availability (2) . Ferritin synthesis is high in cells replete with iron, but low in iron depleted cells. By contrast, synthesis of TfR is stimulated by iron depletion and depressed by iron excess. Regulation of ferritin and TfR synthesis by iron occurs primarily at the level of translation and mRNA stability, respectively (2) (3) (4) (5) . Both processes are mediated by the binding of a regulatory protein to cis-acting elements present in a single copy in the 5' UTR of ferritin mRNA, and in five copies in the 3' UTR of the TfR mRNA (6) (7) (8) .
The cis-acting element, known as the iron responsive element (IRE), is a conserved 28 nucleotide sequence that is folded into a stem and loop structure (6, 7, 9, 10) . In ferritin mRNA, the IRE, possibly in conjunction with additional RNA structural elements, confers iron responsive translational regulation (2, 6, 7, 11, 12) . In the TfR mRNA the IREs are an essential part of a larger regulatory element that confers iron responsive mRNA instability (8, 13) . The regulatory protein that binds the IRE is the iron responsive element binding protein (IRE-BP; 14) . The IRE-BP has formerly been called the ferritin repressor protein (FRP; 15), iron regulatory factor (IRF; 16) and P90 (12) . Purified IRE-BP specifically inhibits translation of ferritin mRNA in vitro; the result of its high affinity binding to the IRE (15, (17) (18) (19) (20) . The IRE-BP has been shown to bind to TfR IREs with similar high affinity and presumably protects TfR mRNA from nucleolytic attack (2, 13, 20, 21) . Thus the iron regulated binding of IRE-BP to IREs coordinately regulates synthesis of ferritin and the transferrin receptor and hence plays a critical role in iron metabolism. The IRE-BP appears to also regulate utilization of other mRNAs as well (22) (23) (24) (25) (26) .
The complete amino acid sequence of the IRE-BP has recently been deduced from cDNA clones (27) (28) (29) (30) . Interestingly, the IRE-BP shares little homology with other RNA binding proteins. Moreover, IRE-BP does not contain any previously identified RNA binding motifs (31) (32) (33) . Conversely, the IRE-BP shares homology with the TCA cycle enzyme aconitase, particularly with the aconitase of bacteria (34) (35) (36) (37) . In fact, there is strong evidence that the IRE-BP is identical to mammalian cytosolic aconitase (38) . This observation is particularly interesting because aconitase is an iron-sulfur protein and IRE-BP activity is regulated by iron.
Results from recent studies clearly demonstrate that treatment of the IRE-BP under conditions in vitro that are normally used to assemble an ironsulfur cluster in aconitase result in elimination of high affinity IRE binding activity (39, 40) , and the generation of aconitase activity in the IRE-BP (39) (40) (41) (42) . Analysis of the effects of iron on the IRE-BP in cells suggest that a similar *To whom correspondence should be addressed conversion occurs in vivo (43, 44) . IRE-BP, which has been mutated at one of the three cysteine residues predicted to be required for cluster coordination, is insensitive to iron and fails to show aconitase activity (44, 45) . Taken together, these results argue that occupation of the aconitase active site cleft in the IRE-BP by an iron -sulfur cluster prevents high affinity interaction with the IRE.
In order to understand the molecular mechanism of regulating gene expression through the IRE-BP, it would be helpful to understand the basis for its interaction with the IRE. Here we report the localization of an RNA binding element in rabbit IRE-BP. This element is located near residues that are conserved with aconitase and are known to be required for iron-sulfur cluster assembly. This information is useful for developing an understanding of the RNA binding properties of the IRE-BP and how they are controlled in response to iron levels in the cell.
MATERIALS AND METHODS

Protease digestions and peptide sequencing
Purified IRE-BP (15) was digested with chymotrypsin (4:1 protease:protein molar ratio) at 4°C for the indicated times in binding buffer (20 mM HEPES, pH 7.5, 40 mM KCI, 3 mM MgCl2, and 7 mM ,B-mercaptoethanol). Digestion was stopped by addition of PMSF to a final concentration of 2 mM. Digestion products were separated by SDS -PAGE using 10% acrylamide gels. For N-terminal sequencing, digestion products were separated by SDS -PAGE and peptides were transferred to PVDF membranes. N-terminal amino acid sequence was determined using an ABI model 477A Protein sequenator (Protein Sequence/Synthesis Laboratory, University of Illinois at Chicago).
Plasmid constructs and in vitro transcription
Wild-type and mutant IRE sequences were cloned into pTZ18R (United States Biochemical Corp.) adjacent to the promoter for T7 RNA polymerase. These vectors were digested with the appropriate enzyme to produce runoff transcripts of approximately 66 nucleotides which contain the IRE or mutant IREs. In vitro transcription was performed as previously described (18) . Transcripts were purified on a Nen-SorbTm column as described by the manufacturer (DuPont). The predicted structures of the various transcripts used are shown in Fig. 3 .
RNA mobility shift assay RNA mobility shift assays were performed essentially as described (46) , except that the RNase and heparin treatments were left out. Briefly, IRE-BP (4 pmol) was incubated with 0.8 pmol of 32P-labeled RNA (2.5 x 108 ,uCi/mmol) in binding buffer at 4°C for 20 minutes in a total volume of 25 1l. Samples were loaded onto a 4% non-denaturing polyacrylamide gel and electrophoresed at 7.5 V/cm for 2 hours. Gels were dried and autoradiography was performed using an intensifying screen. Quantitative analysis was performed by densitometry using the resulting autoradiogram.
UV-crosslinking 32P-labeled RNA transcript (2.9 X I0-7 M) and IRE-BP (4.35 x 10-7 M) were incubated on ice in binding buffer for 20 minutes before irradiation. A hand-held UVP-254 (Ultra-violet Products) UV transilluminator (254 nm) was used for irradiation. Sample volumes of 60 ,u were placed in 0.5 ml microtuge tubes, covered with plastic wrap and irradiated for 30 minutes at a distance of 3 cm from the UV source. The samples were kept on ice at all times. The samples were then incubated at 37°C for 15 minutes with RNase A (2.3 14g/td) and RNase Tl (0.1 U/,ul). SDS-PAGE sample buffer was added, samples were boiled for 10 minutes and run on 12 % reducing SDS-polyacrylamide gels. Crosslinked polypeptides were visualized by autoradiography and quantitated by densitometry.
Sequence analysis and structural modeling Alignment of protein sequences was performed with the computer program FASTA. The alignment was further optimized by visual inspection to maximize the number of matches. Structural modeling of aconitase was done on a Personal Iris (Silicon Graphics Inc.) with the Insight II software package utilizing Brookhaven databank files PDB5ACN.ENT and PDB6ACN.ENT.
RESULTS
Proteolytic analysis of IRE-BP
One approach towards defining functional domains in proteins has employed proteolytic digestion followed by functional analysis of the resulting peptides (47) . To this end, purified IRE-BP was digested with a variety of proteases, including chymotrypsin, trypsin, elastase, V8, papain and pepsin, in order to determine which protease would yield peptide fragments suitable for functional analysis. Chymotrypsin yielded the least complex digestion pattern at a variety of protease to IRE-BP ratios, and for prolonged digestion periods. Fig. 1 shows the pattern of proteolytic fragments generated from IRE-BP with chymotrypsin. Chymotryptic digestion of IRE-BP initially yields three major peptide fragments of 68 kDa, 56 kDa and 30 kDa (from here 1) or with chymotrypsin at 4°C in binding buffer for 10, 30, 60, or 90 minutes (lanes 2-5, respectively). Digestions were stopped at the designated time with PMSF, and analyzed by SDS-PAGE and silver stain as described in Materials and Methods. IRE-BP derived peptides are indicated on the right, and molecular weight size standards on the left. Peptides derived from chymotrypsin are indicated with asterisks (*). on referred to as p68, p56 and p30, respectively). A fourth major chymotryptic fragment of approximately 41 kDa (p41) is produced in digestions of longer than 30 minutes at the protease to IRE-BP ratio used in this experiment (Fig. 1 , lane 5). This initial cleavage pattern is obtained under a variety of digestion conditions and protease ratios (not shown). A similar initial pattern of cleavage is also produced upon digestion of native IRE-BP with V8, elastase and trypsin, however, the pattern obtained with these proteases upon longer digestion is more complex (data not shown). Thus, it appears that the IRE-BP has only a few protease accessible sites in its native conformation. The combined Mr of p68 and p30 is equivalent to the Mr of native IRE-BP (15) . This would suggest that p68 and p30 results from a single cleavage of native IRE-BP, and that p56 and p41 are generated by additional proteolytic cleavages of p68. To investigate this possibility and to map the sites of chymotrypsin cleavage, the major chymotryptic fragments were subjected to N-terminal sequence analysis (see Materials and Methods). The N-terminus of p30 corresponds to amino acid 624 in native IRE-BP. A single chymotryptic cleavage of IRE-BP at this site would generate peptides of 68.9 kDa and 29.5 kDa, based on the predicted amino acid sequence of the IRE-BP. These values are in close agreement with the experimentally derived Mr of 68 kDa and 30 kDa for these peptides (Table 1 ). This suggests that p30 comprises the entire C-terminal one-third of the IRE-BP ( Fig.  2 and Table 1 ). It is likely that p68 comprises the N-terminal two-thirds of the IRE-BP, however, this could not be confirmed by sequence analysis because p68 is apparently N-terminally blocked. However, this is consistent with the observation that native rabbit IRE-BP is N-terminally blocked (M.Patino and W.Walden, unpublished results).
Peptides p56 and p41 share the same N-terminal sequence, which corresponds to amino acid residue 133 in native IRE-BP ( Fig. 2 and Table 1 ). A peptide extending from residue 133 to 623, the site of cleavage that generates p30, would have a molecular weight of 54 kDa, in close agreement with the experimentally measured Mr of p56. Thus, we conclude that p56 is derived from p68 by a single chymotryptic cleavage at Phe'32 and that the C-terminus of both p68 and p56 map at or near Trp623. We also observed that when a recombinant IRE-BP with a histidine tag at the amino terminus is digested in the same manner as the wild type protein, histidine-tagged p68 produces a slower migrating band than wild type p68. The reduction in mobility is equivalent to that predicted if the histidine tag remains at the N-terminus of p68. On the other hand, p56 generated from histidine-tagged IRE-BP migrates at the same position in the gel as p56 generated from rabbit liver IRE-BP (data not shown). This is consistent with the pattern of cleavage presented in Fig 2 and Table 1 .
It follows that p41 must differ from p56 at its C-terminus.
Given the difference in M, of these peptides, we estimate that chymotrypsin cleaves p56 at a site between amino acid residues 480 and 501 to generate p41 ( Fig. 2 and Table 1 ). Smaller peptides corresponding in size to those released from p68 and p56 by subsequent chymotryptic cleavage have been detected, but are very unstable in the presence of chymotrypsin (Fig. 1,  p15 and plO). Mapping of an RNA binding element in the IRE-BP The relatively simple digestion pattern generated from the IRE-BP by chymotrypsin proved to be very useful for locating functional domains in the protein. We used a combination of UVcrosslinking followed by chymotryptic digestion to determine which of the chymotryptic fragments contained amino acid residues that contact the IRE. UV irradiation of protein/RNA complexes can result in the covalent crosslinking of RNA bases and the amino acid residues they contact (reviewed in 48). The specificity of UV-crosslinking of IRE-BP to the IRE was first investigated. Purified IRE-BP was crosslinked to the wild type IRE, a mutant IRE (DC) which has a deletion of the unpaired cytosine nucleotide in the stem of the IRE, or an unrelated stem loop structure (VL) which differs from the IRE by having nucleotide substitutions at each of the loop residues and at the position of the unpaired cytosine residue in the stem (Fig. 3A) . The VL transcript does not bind to the IRE-BP in RNA mobility shift assays nor does it confer IRE-BP-dependent translational repression when inserted at the 5' end of heterologous mRNAs (data not shown). The IRE-BP readily crosslinks to the wild type IRE (Fig. 3B) . A lower level of crosslinked complex is observed with the DC IRE. This is to be expected since the IRE-BP binds to the DC IRE, but with approximately two orders of magnitude lower affinity than to the wild type IRE (19) . The IRE-BP does not crosslink to the VL transcript even though this transcript is capable of forming a stem and loop structure very similar to the IRE (Fig. 3A and 3B) . These results indicate that this UVcrosslinking method detects specific IRE/IRE-BP interactions. To localize regions of the IRE-BP that contact the IRE, native IRE-BP was incubated with radiolabeled IRE, UV-crosslinked and subjected to chymotryptic digestion. Digestion of the IRE-BP with chymotrypsin in the presence of the IRE yields the same peptide fragments generated in the absence of RNA. This indicates that RNA binding does not block the chymotrypsin A sensitive sites. Fig. 4 shows the chymotryptic fragments radiolabeled as a result of prior crosslinking of 32P-labeled RNA transcript to the IRE-BP. Only p68 and p56 contain crosslinked RNA (lanes 2 and 3) . Neither p30 nor p41 is radiolabeled by this technique. In this experiment excess RNA was digested away with RNase prior to gel electrophoresis. It is important to note that this pattern of radiolabeled peptides is also obtained when the RNase digestion step is left out. Thus the RNase treatment is not removing the label that would be found associated with p30 and p41 (data not shown). Given that peptides p56 and p41 have the same N-terminus, and that p56 is labeled, but p41 is not, it follows that at least some amino acid residues in the IRE-BP that crosslink to the IRE are located in the C-terminal portion of p56, which is removed to generate p41. This maps within the region between residues 480 and 623 in the full IRE-BP primary sequence (Fig. 2) . It is noteworthy that p68 contains more radioactivity than p56. A possible explanation for this is that additional contacts with the IRE (which can be crosslinked) are located within the N-terminus of p68, and are removed by the cleavage that generates p56 (Fig. 2) . Consistent with this, a peptide extending from amino acid residues 121 to 130 in the human IRE-BP has been shown to crosslink to the IRE (49) . This peptide is absent in p56 (Fig. 2) .
Analysis of IRE-BP chymotrypti fragments for RNA bindig ability
The RNA binding domains of a number of other RNA binding proteins have been localized by synthesizing truncated forms of the protein containing the elements required for interaction (47, 50) . These studies have also helped to determine the minimal protein fragment required for RNA binding. The rather simple pattern of peptide fragments generated from the IRE-BP by chymotrypsin provides us with the means to examine truncated forms of this protein for RNA binding activity. We subjected IRE-BP to chymotryptic digestion prior to incubation with radiolabeled IRE and UV-crosslinking in order to determine whether the p68 and p56 fragments would interact with the IRE after cleavage from native IRE-BP. As expected, chymotrypsin IRE-BP_*.6_ digestion results in the rapid disappearance of radiolabeled IRE crosslinked to native IRE-BP ( Fig. 5 ; compare lane 1 to 2). This occurs concomitant with the appearance of crosslinked RNA to p68 and p56, which persists for as much as 2 hours of digestion (Fig. 5; lane 7) . The extent of crosslinking to p68 and p56 closely follows the kinetics of appearance and disappearance of these peptides during digestion with chymotrypsin. It should be noted that the specificity for IRE binding is also maintained in the p68 and p56 peptides (data not shown).
It was of interest to determine whether p68 and/or p56 binding to the IRE is stable enough to be detected by RNA mobility shift. To this end, the same samples analyzed as shown in Fig. 5 were also analyzed by RNA mobility shift assay. As expected, the amount of native complex decreases with increased time of digestion, however, additional shifted bands having altered mobility in comparison to the complex formed by native IRE-BP were not seen. Shifted bands of this type would indicate that individual chymotryptic fragments of the IRE-BP can form stable complexes with the IRE. Thus it appears that free p68 and p56, in the absence of p30, do not form complexes with the IRE that are stable enough to be detected by RNA mobility shift. Interestingly, 30 minute digestion of IRE-BP reduces UVcrosslinking to full-length IRE-BP by greater than 95 % (Fig. 5 , lane 5), whereas the amount of IRE-BP/IRE complex that migrates with the native complex is reduced by only 77 % (Fig.  6, lane 5) . One way to interpret this is that p68 and p56 remain in a complex associated with p30 (and possibly other proteolyzed fragments) after chymotryptic digestion. In this scenario, a complex consisting of proteolyzed fragments would be able to bind the IRE at high affmiity, but p68 or p56 alone would bind to the IRE only with low affinity. The fact that efficient UVcrosslinking to these peptides is obtained even after digestion of the IRE-BP by chymotrypsin has eliminated all of the native IRE-BP and much of the RNA mobility shift activity is consistent with this view (compare Fig. 5 ; lane 7 and Fig. 6; lane 7) . It is also 1 2 3 4 5 6 7
possible that each of the chymotrypsin generated fragments may assemble onto the IRE independently. Once assembled onto the IRE, the complex formed by the peptide fragments is stable and appears identical to a native complex by mobility shift analysis. Another way to interpret these data is that both p68 and p56 bind to the IRE with a high enough affinity to be detected by RNA mobility shift analysis, and that the p68/IRE and p56/IRE complexes comigrate with the native IRE/IRE-BP complex. We think this is unlikely. First, the reduction in size of the peptides compared to the native IRE-BP would make the complex move faster in the gel. Secondly, both p68 and p56 have a more acidic pI than full length IRE-BP. This would also contribute to a more rapid rate of migration of the complex in the mobility shift gel. Thus we conclude that both p68 and p56 bind IRE with low affinity.
DISCUSSION
The binding of the IRE-BP to the IRE forms one of the tightest RNA/protein complexes known (51) (52) (53) . In spite of this, the IRE-BP does not have distinguishing features recognized in other RNA binding proteins (31) (32) (33) . The aim of this study was to identify regions in the IRE-BP that are involved in RNA binding. Accomplishing this provides a starting point for analyzing IRE/IRE-BP interactions and their relationship to iron regulation. Directed mutagenesis aimed at defining roles for specific amino acids in the aconitase activity of the IRE-BP have met with a good deal of success (44, 45) . This approach has benefited from the close relationship between mitochondrial aconitase, a well defined protein, and the IRE-BP (34, 46) . Equivalent information about RNA binding elements of the IRE-BP is not available. Mutagenesis of this 98 kDa protein to identify RNA binding elements without prior knowledge of the location of its RNA binding activity would be a tremendous undertaking without a method for screening mutant proteins. Using the methods of UVcrosslinking and proteolytic digestion, we localized an RNA binding element of the IRE-BP to a region between amino acid residues 480-623. Inspection of this region yields no obvious structural or sequence features which might indicate RNA 1 2 3 4 5 6 7
IRE/ARE-BP -*.
-p30 Figure 5 . UV-crosslinking of chymotuypsin digested IRE-BP. IRE-BP was digested with chymotrypsin prior to UV-crosslinking to radiolabeled IRE using protein and RNA concentrations as described for RNA mobility shift assay (Materials and Methods). Lane binding. Thus the IRE-BP represents a unique class of RNA binding proteins. Although IRE-BP has no sequence homology with other known RNA binding proteins, it does have homology to the iron-sulfur protein aconitase, including conservation of all aconitase active site residues (34-37) An alignment of the rabbit IRE-BP with porcine mitochondrial aconitase, for which a crystal structure has been determined, is shown in Fig. 2 (54,55) . The RNA binding element identified in this study overlaps with 5 active site residues, particularly with two cysteine residues known to be involved with iron-sulfur cluster assembly in this protein ( Fig.  2; 44,45 ). This places at least a portion of this RNA binding region within the aconitase active site cleft of the IRE-BP, which is consistent with the mutual exclusiveness of IRE binding and aconitase activity (43, 45) .
Neither mitochondrial aconitase nor bacterial aconitase have yet been found to bind RNA. Comparison of the region containing the RNA binding element described here with the various aconitases reveal no obvious stretches of amino acids that would confer RNA binding to the IRE-BP. However, this region may contain single amino acid differences that confer RNA binding. A second possibility is that residues that are conserved with aconitase participate in RNA binding and that this activity may well be enhanced by other changes within the protein.
IRE binding activity of the IRE-BP is affected by iron levels in the cell. IRE-BP binds the IRE with high affinity under low iron conditions but with low affinity in the presence of high iron (19) . Thus there is a direct relationship between the IRE-BP's RNA binding capability and the presence of iron. In vitro, IRE-BP containing an assembled iron-sulfur cluster does not bind IRE with high affinity. By contrast the apo-protein binds IRE with high affinity (15, 43) . Given the proximity of the RNA binding element described in this study to iron-sulfur cluster coordinating centers in the IRE-BP, these results are consistent with a model in which iron-sulfur cluster assembly witiin the IRE-BP excludes binding to the IRE (2). Furthermore, this provides insight into one possible mechanism in which iron regulates IRE-BP activity in vivo. We cannot exclude, however, the possibility that iron-sulfur cluster assembly perturbs the structure of the RNA binding pocket without directly excluding the IRE from its binding site.
Chymotrypsin produces a very simple digestion pattern over a very long period of time ( Fig. 1) . Utilizing an optimal protein sequence alignment of the IRE-BP with mitochondrial aconitase, the chymotryptic cleavage sites observed within IRE-BP were mapped onto the aconitase crystal structure. The cleavage site at residue 623 in the IRE-BP maps to an exposed linker peptide in aconitase which connects two structural domains (domains 3 and 4). Solvent accessibility analysis of this site predicts that it is highly accessible. Cleavage sites for a number of proteases are within this region as well, and this is consistent with our findings that partial digestion ofIRE-BP with other proteases yield similar fragments to chymotrypsin (data not shown). The chymotrypsin cleavage site PheI32 also maps to a solvent accessible site on the aconitase crystal structure. Taken together these results support the view that the IRE-BP is structurally similar to mitochondrial aconitase (34) .
It appears likely that the RNA binding element located between amino acid residues 480-623 requires other regions for high affinity binding to the IRE. First of all, chymotrypsin predigestion of the protein eliminates high affinity IRE binding. Secondly, we see no evidence that peptide fragments containing this element bind to the IRE with high affinity by RNA mobility shift analysis. These peptides are readily seen associated with the RNA when analyzed by UV-crosslinking which can detect lower affinity interactions. Consistent with this view, a peptide extending from 121 to 130 in the IRE-BP has been shown to crosslink to the IRE (49) . It is noteworthy that this region is predicted to be close to portions of the RNA binding region identified here if these elements are mapped onto the aconitase crystal structure. Moreover, deleted IRE-BP, which is truncated at the C-terminus, fails to bind to the IRE with high affinity (30) . It will be of interest to determine how all of these elements combine to provide the extremely high affinity IRE binding observed in the IRE-BP.
